A power plant with additional water pressure tanks was proposed. The maximum rise in the block electric power resulting from the shut-off of low-pressure regenerative heaters was determined. At that time, the boiler is fed with hot water from water pressure tanks acting as heat accumulators. Accumulation of hot water in water tanks is also proposed in the periods of the power unit small load. In order to lower the plant electric power in the off-peak night hours, water heated to the nominal temperature in low-pressure regenerative heaters is directed from the feed water tank to pressure tanks. The water accumulated during the night is used to feed the boiler during the period of peak demand for electricity. Pressure accumulators are proposed to be used for the rapid start-up of the boiler from a cold state. The evaporator of the boiler is filled at the beginning of start-up with hot water from the accumulators. Drops in the power block electric power were determined for different capacities of the tanks and periods when they are charged. The tanks may also be used to ensure a sudden increase in the electric power of the unit that is operating in the automatic system of frequency and power control (in Polish: ARCM).
Introduction
Large oscillations occur in electric power generation due to the development of photovoltaic cells, wind farms and other distributed energy sources. Electricity should be supplied as soon as possible to the power grid by the thermal power units, during the power shortage that occurs in the electric power system. A requirement is also imposed on state--of-the-art power units to make it possible to raise or lower the power capacity at the rate of 2÷8% of installed power per minute in the full range of control, i.e. from the minimum to the maximum load. The power unit start-up from different states should also proceed fast.
The manufacturer of modern power units is obliged to carry out the following tests:
• Start-up from the cold state (after 8 hours of unit standstill)
• Start-up from the hot state (after 8 to 50 hours of unit standstill)
• Start-up from the cold state (after more than 50 hours of unit standstill) The aim this article is an analysis of the possibility of using hot water pressure tanks to improve a 200 MW power unit flexibility.
The water pressure tanks may be used to reduce the power unit power capacity in the off-peak night hours, due to low demand for electricity. In this, the period of low demand for electricity the boiler may operate at the minimum permissible load (at the level of the boiler technical minimum) then the steam is used both to generate electrical energy and to heat up hot water accumulated in the tanks.
In the period of peak demand for electricity, which in Poland is between 4 p.m. and 10 p.m., the power unit power capacity may be raised. Low-pressure regenerative bleeds are then shut off, which involves a rise in the electric power of the block due to a bigger mass flow rate of steam through the turbine. Hot water accumulated in the tanks is used for feed the boiler.
The water pressure tanks may also be used to fill the boiler with hot water at the beginning of the boiler start-up. According to the boiler drum optimum heating method proposed in [1] [2] [3] , the boiler evaporator together with the drum may be filled with hot water with a temperature much higher than the initial one. Hot water accumulated in the pressure tank may be used to feed the bottom headers of the boiler furnace chamber walls, and the water displaced from the boiler evaporator may be directed to the bottom part of the pressure tank. Owing to such heat accumulators, the boiler start-up from the cold state becomes faster and safer.
Hot water pressure tanks may also be used in the automatic system of frequency and power control (ARMC) to ensure a sudden increase in the electric power of the power unit. It is possible to raise the maximum power capacity of the power unit by more than 7% for several hours feeding the boiler with hot water from the tanks. In order to rise rapidly maximum power capacity, low-pressure regenerative bleeds are shut off and the boiler is fed with hot water from the tanks.
Diagram of the power unit with a hot water storage tank used in the period of peak demand for electricity and low demand for electricity is shown in Figure 1 In this paper, a mathematical model for an optimum heating the boiler evaporator with hot water is also presented. The power increase in the peak load using the water pressure tank and power reduction during the night by closing turbine bleeds are also calculated.
Analysis of using the water tanks to fill the evaporator with hot water
Pressure tanks may be used to flood the boiler evaporator with hot water during the power unit start-up from the cold state (Fig. 1a ). Filling the evaporator and then the drum with the initial temperature T0 with hot water having temperature T0+ΔTcz (Fig. 2) , the drum heating rate may be reduced in further stages of the start-up. The start-up time is only a bit shorter compared to the time obtained using the Standard PN-EN 12952-3, but in contrast to this standard, circumferential stress on the edge of the hole in the drum-downcomer junction does not exceed the permissible value [1] [2] [3] .
If the boiler evaporator is heated at rates determined according to Standard PN-EN 12952-3 [4] , permissible stress values are exceeded on a part of the hole perimeter [2] . This may quickly give rise to cracks on the downcomer tube hole edge. The method of the boiler start-up proposed in [1] [2] [3] , where the boiler evaporator is filled with hot water, is safe. Unlike the Standard PN-EN 12952-3, the method allows an abrupt rise in the water temperature in the drum at the beginning of the drum heating process. The water temperature in the boiler drum may be raised even up to 100 o C, which makes it possible to reduce the consumption of heavy oil fired in the boiler. In the start-up first phase, the temperature of the water is raised to the nominal temperature of about 315 o C from 100 o C but not from 20 o C to 315 o C. A mathematical model of the boiler evaporator was developed to determine the optimum value of the sudden temperature increase ΔTcz in the feed water supplied to the boiler throguh lower headers of the evaporator so that the circumferential stress on the edge of the hole in the drum does not exceed the allowable stress.
Also, a steady-state mathematical model of the entire power block equipped with hot water storage tanks was developed to determine maximum power capacity increase during the peak loads and power decrease during nights when the demand for electrical energy is low.
Mathematical model of the boiler evaporator heating
A scheme of water cooling and metal heating in the evaporator after it is suddenly filled with hot water in power unit with the capacity of 200MW is depicted in Fig. 3 .
In order to simulate heating boiler evaporator, mathematical models of water walls and downcomers were developed. The cold air flows through the combustion chamber during evaporator heating. The outer surfaces of the downcomers are thermally insulated.
A differential form of the energy conservation equation for water flowing through the evaporator tubes and the energy conservation equation for the evaporator tube wall were derived first. After the formulation of all balance equations, a system of ordinary differential equations was solved using the finite difference method. 
where the number of transfer units for water Nc and time constant of water τc are 
Energy balance equation for waterwall tubes
The energy balance equation derived for a wall was derived assuming that the wall is an element with a lumped thermal capacity
where the time constant is given by  
The value of the waterwall tube time constant (6) is highly dependent on the tube wall thickness and on the weighted heat transfer coefficient hzr on the air side, which is much lower than the heat transfer coefficient hw on the water side. The initial condition for Equation (5) has the following form
Energy balance equation for air in the combustion chamber
The energy balance equation for the air flowing upwards through the combustion chamber is 
Similar energy conservation equation with appropriate boundry and initial conditions were formulated for downcomer tubes. The finite difference method was used to determine the water and air temperature as well as the temperature of the tube walls.
Determination of the power capacity for the power unit while using heat storage tanks
Mass flow rates and temperature of the water and the steam were determined from solving a system of equations of mass and energy balance set for all components of the thermal power plant. An example the control region for the boiler is shown in Fig. 4 . Figure 4 presents simplified diagram of the boiler with intake of injection water from outside the control region boundary used to write the mass and energy balance equations.
The expressions for calculating the power of the turbine set in the night off-peak are given below: 
• internal power generated in a low-pressure part of the turbine set
• the total internal power of the turbine set
• the relative drop in the power unit related to the design power  Q
• drop in power during the night off-peak hours
The drop in the boiler output and in the power unit power in the night off-peak hours duringthe filling of the tank is shown Table 1 . 
Summary
The results of the performed calculations and analyses indicate that installation of water pressure tanks is well justified. The investment is profitable. Water pressure tanks may not only be used to reduce the power unit power during the off-peak night hours and raise it in the periods of peak demand, but also to increase the power capacity fast at any time. Hot water tanks may also be used to fill the boiler with hot water at the beginning of the boiler start-up. According to the boiler drum optimum heating method proposed in [1] [2] [3] , the boiler evaporator together with the drum may be filled with hot water at a temperature much higher than the initial one. The pressure hot water tank may be used to feed the bottom headers of the boiler furnace water walls. The cold water displaced from the boiler evaporator may be directed to the bottom part of the pressure tank. Owing to such heat accumulators, the boiler start-up from the cold state becomes faster and safer.
The results of the analysis of the 200 MW power unit thermal system and of the thermal calculations lead to the following conclusions: 1. The power unit maximum power capacity of 206 MW may be raised in the period of peak demand for electricity by 7.32% (0.0732*206= 15 MW) 2. The period of the power unit operation with the raised maximum power capacity may last:  30 minutes at two tanks with the total capacity of 360.5 m . The period in which the tanks are charged, and consequently the time of the power unit operation under a reduced load, is 3 hours. 4. If eight water tanks with the total capacity of 1442 m 3 are charged for 6 hours, the reduction in the power unit power capacity is 8.15% (0.0815*135=11MW). If the water pressure tanks are discharged during 2 hours in the period of peak demand for electricity, the increment in the power unit power capacity totals 7.32% (15 MW). This solution, which anticipates installation of 8 tanks charged for 6 hours during the night off-peak period and discharged for 2 hours in the peak period, is recommended to be used in practice. 5. The tanks may be made as vertical structures with stratification of cold and hot water and operating in a parallel system. The hot water tanks may also be horizontal. In this case, they operate as a series-parallel system. 6. Hot water pressure tanks may also be used in power units participating in the automatic system of frequency and power control (ARMC) to ensure a sudden increase in the power unit power at any time of the day. In order to shorten the start-up from the cold state, the boiler evaporator may be flooded with hot water from one of the pressure water tanks. 
